We have identified RGS17 as a commonly induced gene in lung and prostate tumors. Through microarray and gene expression analysis, we show that expression of RGS17 is upregulated in 80% of lung tumors, and also up-regulated in prostate tumors. Through knockdown and overexpression of RGS17 in tumor cells, we show that RGS17 confers a proliferative phenotype and is required for the maintenance of the proliferative potential of tumor cells. We show through exon microarray, transcript analysis, and functional assays that RGS17 promotes cyclic AMP (cAMP)-responsive element binding protein (CREB)-responsive gene expression, increases cAMP levels, and enhances forskolin-mediated cAMP production. Furthermore, inhibition of cAMP-dependent kinase prevents tumor cell proliferation, and proliferation is partially rescued by RGS17 overexpression. In the present study, we show a role for RGS17 in the maintenance of tumor cell proliferation through induction of cAMP signaling and CREB phosphorylation. The prevalence of the induction of RGS17 in tumor tissues of various types further implicates its importance in the maintenance of tumor growth.
Introduction
Recent evidence has linked regulator of G-protein signaling (RGS) family members to a variety of cancers. RGS1 was shown to be overexpressed in melanoma and its expression found to be significantly associated with decreased relapse-free survival (1) . Variants of the RGS domain containing protein PDZ-RhoGEF have been found to modulate the risk of lung cancer in Mexican Americans (2) . Another study identified a functional polymorphism in the RGS6 gene that is associated with bladder cancer risk (3) . Recently, we identified RGS17 as the major candidate for the familial lung cancer susceptibility locus on chromosome 6q23-25. 1 In our analysis of published microarray data comparing normal and tumor tissues, we show that RGS17 is frequently up-regulated gene in lung and prostate tumors.
RGS17 is a the most recently described member of the RZ subfamily of the RGS family of proteins, and inhibits G-proteincoupled receptor signaling by binding and activating GTPase activity of G(i/o), G(z), and G(q), but not G(s) (4) . G(i) and G(s) are named for their inhibitory and stimulatory activity on adenylate cyclase and cyclic-AMP (cAMP) formation. RGS modulation of either G(i)-coupled or G(s)-coupled signaling can therefore enhance or inhibit cAMP formation, respectively (5) . Downstream of cAMP, cAMP-dependent protein kinase A (PKA), is activated, which can in turn activate downstream effectors such as cAMP-responsive element binding protein (CREB) and nuclear factor-nB (NFnB). This signaling pathway is best studied for its function in the brain. At least five RGS17 transcripts differing in their noncoding regions and coding for a single detectable protein are expressed in the brain with the highest levels found in the cerebellum (6) . Low levels of for RGS17 transcript are detectable in various other peripheral tissues including the lung (6) . Although specific functions of RGS17 in the brain are unclear, RGS17 is known to complex with A-opioid receptors and modulate morphine desensitization through G(z) (7) . RGS17 is also known to abrogate A-opioid-induced cAMP inhibition through an interaction with Protein Kinase C Interacting Protein (8) .
In the current study, we find that RGS17 expression is induced in 80% of lung tumors by an average of 8.3-fold in lung cancer of several histologic types, and is also increased in prostate tumors. Knockdown of RGS17 transcript in lung, colon, and prostate tumor cell lines resulted in decreased growth rates in culture and decreased growth of xenografted tumors, whereas overexpression of RGS17 resulted in increased growth rate in lung tumor cells. Microarray gene expression results indicated that RGS17 regulates the expression of central nervous system (CNS) associated genes involved in receptor-mediated signaling and cAMP response. Loss of RGS17 resulted in loss of cAMP and phospho-CREB accumulation as well as loss of forskolin-induced (activator of adenylate cyclase) cAMP formation and forskolin-induced growth stimulation. RGS17 overexpresion partially protected H1299 cells from growth arrest induced by treatment under low serum with H89, a specific inhibitor cAMP-dependent PKA. These novel results implicate RGS17 as a cAMP pathway stimulating inducer of lung tumor growth and implicate RGS17 and the cAMP pathway as therapeutic targets for lung cancer.
Materials and Methods
Quantitative real-time PCR. RNA from paired tumors and normal tissues was obtained from the Tissue Procurement Core at Washington University in St. Louis. cDNA from normal human tissues was obtained from BD Biosciences. Quantitative real-time PCR (qRT-PCR) was conducted using the method as described previously (9) . Briefly, 2 Ag of total RNA per sample were converted to cDNA using the SuperScript First-Strand Synthesis system for RT-PCR (Invitrogen). Quantitative reverse-trascribed PCR (RT-PCR) assay was done using the SYBR Green PCR Master Mix (Applied Biosystems). One microliter of cDNA was added to a 25 AL total volume reaction mixture containing water, SYBR Green PCR Master Mix, and primers. Each real-time assay was done in duplicate on a Bio-Rad MyIQ machine. Data were collected and analyzed with Stratagene Mx3000 software. Gene h-actin was used as an internal control to compute the relative expression level (DC T ) for each sample. The fold change of gene expression in tumor tissues compared with the paired normal tissues was calculated as 2 d , where d = DC T normal À DC T tumor . One-tailed Student's t test was carried out to assess the overall statistical significance of the difference in gene expression levels between the paired tumor and normal tissues.
Cell culture, overexpression, and RNAi knockdown. HBEC3KT cells were a gift from John Minna (Hamon Center for Therapeutic Oncology Research, University of Texas Southwestern Medical Center, Dallas, TX) and were cultured in Keratinocyte Serum-Free Media (Life Technologies) containing 50 mg/mL bovine pituitary extract (Life Technologies) and 5 ng/mL epidermal growth factor (EGF; Life Technologies). The tumor cell lines H1299 was cultured in RPMI 1640 plus 10% fetal bovine serum (FBS; Life Technologies), and lines DU145 and Hct116 were cultured in DMEM plus 10% FBS (Life Technologies). Cells were transduced with a lentiviral short-hairpin RNA (shRNA) construct based on the pLKo1 vector and designed to specifically target RGS17 transcripts (Open Biosystems). Empty vector control containing an 18 bp stuffer sequence with no knockdown or vector knocking down RGS17 transcript were first packaged in Phoenix cells (Orbigen) and then transduced into target cells with 8 ug/mL Polybrene (Sigma). Medium was replaced 24 h after transduction, and cells were split 1:4 48 h after transduction. At 72 h posttransduction, cells harboring lentiviral constructs were selected with 1 Ag/mL puromycin for 2 to 4 d, until mock-infected cells were dead. Surviving cells were pooled and plated at the indicated densities. For overexpression, a NH 2 -terminal three hemagglutinin-tagged full-length RGS17 cDNA or the 3HA tag alone was cloned into pCDNA3 for expression of HA-tagged RGS17 protein. Cells at f60% confluence were transfected with 8 Ag of vector with 3HA alone or that expressing 3HA-RGS17 using Geneporter II reagents (Gene Therapy Systems) without serum for 4 h. Serum was added, cells incubated overnight, medium was replaced, and cells were split 1:4 on 2ug/mL puromycin. Cells were selected for 3 d until mock-transfected cells were dead. Cells were pooled and plated at the indicated densities. Cells were treated with 30 Amol/L forskolin (Sigma) or DMSO solvent, and 10 Amol/L IBMX (Sigma) or ethanol solvent. DMSO concentration was <0.2%. H89 stock was dissolved in molecular grade water and added to media at a concentration of 50 Amol/L. Treatment of cells was carried out in medium with the indicated concentration of FBS and drugs, sterile filtered, and applied to cells for the indicated times.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide proliferation assay. Cells were seeded onto 6-well tissue culture dishes at a density of 500 cells per well. Cells were treated with 30 Amol/L forskolin (Sigma) or DMSO solvent, and 10 Amol/L IBMX (Sigma) or ethanol solvent. DMSO concentration was <0.2%. Cells were assayed for viable cell numbers in triplicate using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based CellTiter 96 Non-Radioactive or AQueous One Solution Cell Proliferation Assay kits (Promega), and A570 or A490, respectively, measured on a plate reader periodically over 6 to 11 d in culture. Medium and drugs were replaced every 3 d. For % viability assays using PKA inhibitor, 5 Â 10 4 cells were seeded into each well of a 12-well tissue culture dish. Starting MTT assay was performed after cell attachment overnight. Cells were treated with 50 Amol/L H89 (Sigma) in medium containing 1% serum and monitored for MTT reduction activity at 1 and 3 d in culture. P values were determined by one-tailed Student's t test.
Colony formation assay. Cells infected with and selected for lentiviral vector control or that expressing shRNA-targeting RGS17 were counted and plated at a density of 100 cells per 100 mmol/L tissue culture dish. After 14 d in culture, medium was removed; cells were stained with crystal violet and photographed.
Nude mouse tumorigenesis assay. Tumor cells stably expressing shRNA vectors as described above were cultured, counted, and resuspended in serum-free medium at a concentration of 1.5 Â 10 7 cells/mL. A volume of 200 AL (3 Â 10 6 cells, respectively) were injected s.c. into the right (vector) or left (shRNA) flank of athymic nude mice at an age of 4 to 6 wk. The health of these mice was monitored thrice weekly and tumor sizes were measured periodically until sacrifice at 2 to 4 wk postinjection depending on the growth rate of the tumors. Tumor volume was determined by the formula (l Â w Â h). P values were determined by onetailed Student's t test.
Microarray. Total RNA was collected by Tri-zol reagent (Invitrogen). RNA was normalized by spectrophotometric reading at 260 nm, aliquoted in triplicate, and submitted to the Vanderbilt Shared Microarray Resource for quality assurance and array analysis of technical triplicates of the biological triplicates H1299 shRGS-1, H1299 shRGS-2, and Hct116 shRGS-2. The 15 input CEL files were analyzed with the Affymetrix HumanExon10ST array to identify genes that were significantly differentially expressed or displayed significant differential alternative splicing between the groups of interest. The input files were normalized with full quantile normalization. Next, the 6553600 probes were manipulated into the analysis values as follows. Probes with GC count <6 and >17 were excluded from the analysis. Nonexpressed probes can cause tests for alternative splicing to find false positives (because they cause ''nonparallel'' expression patterns across the gene). Hence, a one-sided t test was used to identify probes that are significantly expressed above background probes of similar GC-content (i.e., we reject the null-hypothesis that the probe is not expressed above background if the P value is <0.05). The background probes are defined in the file antigenomic.bgp which is distributed by Affymetrix. 2 Probe scores were then transformed by taking the Natural Logarithm of one plus the probe score. Each probe score was corrected for background by subtracting the median expression score of background probes of similar GC content from the same chip. Probe-sets not significantly expressed above background (P > 0.05) are removed from analysis. Probe-set P value is derived via Fisher P value combination. Hence, accept a probe set and reject the hypothesis that it has the same average expression as background if À2 * Sum(Ln(probe DABG P value)) > critical value of m 2 (level 0.05, d.f. 2* Num_probes_In_Probe-set). Analysis of six published array data sets was performed to identify genes that are coexpressed with RGS17 in lung tumors. We did a general regression test for each individual data set. We also did linear mixed model test for three Affymetrix data sets and three cDNA array data sets separately. To determine expression of RGS17 in tumor tissue compared with normal control tissue, gene expression profiles for RGS17 in five data sets was analyzed as follows: E-MEXP-231 and E-TABM-15 3 and GSE1037, GSE2088, and GSE3325. 4 Relative expression of RGS17 in normal tissues was determined using data from published expression array data set GSE1133. 4 cAMP assays. cAMP activity was measured in cells pretreated for 20 min with 1 Amol/L IBMX (Sigma) with or without 1 Amol/L apomorphine (Sigma) treatment for 30 min using the Camp-Glo kit (Promega). Levels of cAMP were measured in cells serum starved in 1% FBS containing media for 2 h, pretreated with 1 Amol/L IBMX for 20 min and treatment with 30 Amol/L forskolin (Sigma) or DMSO solvent for 30 min using the CampScreen kit (Tropix). DMSO concentration was <0.2%. P values were determined by one-tailed Student's t test.
Western blotting. Cells in each well of 6-well plates were lysed with 250 AL of 1Â sample buffer containing cocktailed phosphatase and proteinase inhibitors, sonicated, and then boiled for 10 min. 20 AL was resolved on SDS-PAGE and immunoblotting analyzed with indicated antibodies. Twelve-hour treatment: 80% confluent cells were drug treated with or without 50 Amol/L H-89 on 1% FBS for 12 h, then lysed. Four-day treatment: Cells were treated for 4 d, at which point cells were 50% to 80% confluent and were lysed. Band intensities were measured using Image J software, a public domain application from NIH.
Results
Increased expression of RGS17 in tumor tissues. In four published microarray expression data set representing 161 lung tumors and 76 controls, we found RGS17 to be highly expressed in lung tumor tissue (Fig. 1A) . We also analyzed 1 published data set representing 13 prostate tumors and 6 controls, in which RGS17 also displayed increased expression in tumors compared with normal tissues (Fig. 1A) . To detect expression of RGS17 in multiple tumor types, RGS17 transcript level in tumor tissues and patient-matched normal tissues was measured by qRT-PCR. In analysis of 61 lung tumors of various pathologies, RGS17 transcript was increased in 80% of lung tumors by an average of 8.3-fold (P = 1.36 Â 10 À9 ) over matched normal lung tissue (Fig. 1B) . RGS17
transcript accumulation was also increased in all of 5 prostate tumors tested by an average of 7.5-fold (P < 0.02; Fig. 1B ). Expression profiles for disease states as suggested by EST counts in published data from National Center for Biotechnology Information's UniGene database 5 show increased expression in lung, breast, and soft tissue tumors (19, 31 , and 39 transcripts per million, respectively, compared with 5 transcripts per million in normal tissue). By analysis of a published array data set, we found RGS17 to be expressed predominantly in brain tissues and at relatively low levels in the normal prostate, lung, and bronchial epithelium (Supplementary Fig. S1A ). Lung tumor cells in culture express higher levels of RGS17 than nontumorigenic immortalized bronchial epithelium ( Supplementary Fig. S1B ). These observations led us to investigate potential oncogenic properties of RGS17 on lung tumor and other tumor cell lines in cell culture and tumorigenesis studies.
RGS17 is required for maintenance of proliferation and tumorigenesis of tumor cell lines. RGS17 transcripts were targeted for knockdown in tumor cell lines from multiple tissue types, including H1299 and A549 lung tumor cells, HeLa cervical tumor cells, Hct116 colon tumor cells, and DU145 prostate tumor cells using stable shRNA lentiviral vectors directed toward two different RGS17 target sequences (shRGS-1 and shRGS-2). Knockdown was confirmed using qRT-PCR ( Fig. 2A-C) . Knockdown was unsuccessful in HeLa and A549 cells; however, both shRNA constructs efficiently reduced RGS17 transcript to f5% to 35% of its original level in H1299, Hct116, and DU145 cells. The construct shRGS-2 was the most effective in knockdown of RGS17 transcript, as measured by qRTPCR, as endogenous RGS17 protein was not measurable with tested antibodies. Cells seeded in culture at low density (500 cells per well of a 12-well tissue culture dish) were monitored for viable cell count by an MTT-based colorimetric assay throughout 6 to 10 days in culture ( Fig. 2A-C) . Both constructs greatly diminished the proliferative rate of tumor cells. In concordance with more effective knockdown, shRGS-2 was most effective in inhibiting proliferation. The degree of proliferative effect generally correlated with the degree of RGS17 knockdown in all cells tested. The proliferative effect of RGS17 knockdown as determined by MTT assay correlated well with decreased colony formation and decreased cell count in shRGS-2 cells, and the correlation of MTT values with cell numbers was similar between H1299-vector and H1299-shRGS-2 ( Supplementary Fig. S2 ). Due to the consistency and robustness of the effect of RGS17 knockdown on H1299 and Hct116 cells, these cell lines were chosen for use in xenograft models of tumorigenesis. H1299 and Hct116 tumor cell lines with vector control or shRGS-2 were injected s.c. into athymic nude mice to monitor tumorigenesis ( Fig. 2A-B) . In both cell lines, knockdown of RGS17 significantly decreased tumor volumes measured after 4 to 5 weeks (P > 0.01). Knockdown in H1299 decreased the average tumor volume from 380 to 95 mm 3 , whereas knockdown in Hct116 decreased the average tumor volume from 700 to 289 mm 3 .
To evaluate the effect of RGS17 overexpression in tumor cells, we stably transfected H1299 with pCDNA3-3HA vector or pCDNA3 expressing NH 2 -terminally 3HA-tagged RGS17. Cells expressing 3HA-RGS17 showed a 13.6-fold increase in total RGS17 transcript as measured by qRT-PCR (data not shown), and robust protein expression of 3HA-RGS17 as detected using HA antibody (Fig. 2D) . Overexpression of RGS17 was found to enhance the proliferative rate of H1299 as measured by MTT assay over 11 days in culture (Fig. 2D) . Differences in proliferation with overexpression were not as robust as with RGS17 knockdown, which may be expected in already highly proliferative tumor cells, which express endogenous RGS17 at increased levels over nonmalignant cells ( Supplementary  Fig. S1B ).
RGS17 affects expression of CNS developmental, receptormediated cell signaling, and CREB-responsive genes. Having shown that RGS17 is commonly overexpressed in tumors and confers proliferative effects, we set out to define specific mechanisms through which RGS17 may act to confer such a proliferative phenotype. Exon microarray technology (Affymetrix Chip HumanExon10ST) was used to delineate specific transcriptional effects of RGS17 expression in tumor cells, and to discover molecular pathways that may be affected by RGS17. RNA was isolated from H1299 cells with vector, shRGS-1 or shRGS-2, as well as Hct116 cells with vector or shRGS-2. These were used in microarray assays to identify genes that are differentially expressed upon loss of RGS17. Full results are included in Supplementary Table S1 . With a cutoff of >1.4-fold differences in expression in at least 2 of the 3 biological triplicates and a P value of <0.05, we identified 52 genes that were differentially expressed with RGS17 knockdown. Only two of these genes, FoxO4 and Hnt, were up-regulated in response to RGS17 knockdown. All other genes that met the inclusion criteria were down-regulated in response to RGS17 knockdown. RGS17 transcript itself was found to be reduced by 51% to 82% in microarray data for knockdown samples. To further investigate the gene expression pattern associated with RGS17 expression in tumors, an analysis of six published array data sets was performed to identify genes that are coexpressed with RGS17 in lung tumors. We performed a general regression test for each individual data set and also applied a linear mixed model test for three Affymetrix data sets and three cDNA array data sets, separately. Nineteen transcripts met our highest inclusion criteria by being found to be coregulated with RGS17 in both the individual data set test and the combined data sets test. Although the expression of genes indicated by this method may not be directly affected by RGS17, the expression profile generated may be useful in delineating what transcriptional activation pathways are frequently associated with high RGS17 expression in tumors.
All genes identified by the above methods were classified based on function by searching the Gene Ontology Annotation from the European Bioinformatics Institute (Supplementary Table S2 ). 6 The most common functional groupings of genes were those that function in the CNS and those associated with receptor-mediated cell signaling, with 56.3% of the affected genes belonging to one 5 http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene or both of these categories. Twenty-three genes (32%) of those listed in Supplementary Table S1 were identified as putative CREBresponsive genes. These genes were identified using the Salk Institute CREB Target Database (10) . These genes have a conserved CREB-Responsive Element (CRE) in the proximal promoter and/or exhibit CREB binding in chromatin immunoprecipitation (ChIP)-on-chip analysis. Those genes with a conserved CRE and a ratio of ChIP signal over control genomic DNA of z2 (P <.001) are denoted in bold.
Microarray results for several of the strongest candidate CREB responsive gene products, including RIPK4, Protocadherin 7 (PCDH7), NR2F1, and FoxP2 were validated using conventional semiquantitative PCR and qRT-PCR (Fig. 3A) . Expression of all of these CREB-responsive genes as well as CREB-responsive Cyclin D1 and KCIP-1 were found to be reduced with RGS17 knockdown by these methods. FoxO4, which was found in microarray data to be induced upon RGS17 knockdown, was also found to be induced in RGS17 knockdown cells by qRT-PCR. RGS17 expression itself was found to be decreased by 2.7-fold by qRT-PCR in these knockdown samples. Coexpression data were validated for KCIP-1 in colon and prostate tumors (Fig. 3B) . Relative expression in tumors compared with matched normal tissues is higher in prostate but not in colon tumors for both RGS17 and KCIP-1. Pearson's correlation analysis of RGS17 induction versus KCIP-1 induction in tumors shows a close correlation between the expression of RGS17 and KCIP-1 yielding correlation coefficients of 0.84 and 0.86 for colon and prostate cancer, respectively.
To determine the effect of RGS17 loss on the ability of the adenylate cyclase activator forskolin to induce CREB-responsive gene expression, cells with vector or shRGS-2 were treated with either solvent control or forskolin (Fig. 3C) . Loss of RGS17 resulted in a loss of forskolin induction of FoxP2, Cyclin D1, and KCIP-1. These results show that RGS17 does indeed play a role in the cAMP-CREB pathway as has been previously suggested (4) , and that loss of RGS17 leads to decreased expression of and decreased forskolin induction of CREB-responsive genes.
RGS17 induces cAMP formation, PKA-dependent CREB phosphorylation, and proliferation through the cAMP-PKA pathway. To determine if cAMP-PKA activation can induce proliferation in lung tumor cell lines and if the proliferative effect of RGS17 is through the cAMP-PKA pathway, H1299 cells were treated with the adenylate cyclase activator forskolin and/or the PKA inhibitor H89. H1299 cells with vector or shRGS-2 knockdown were assayed for cAMP activity and for forskolin-induced cAMP accumulation (Fig. 4A) . cAMP activity was reduced upon loss of RGS17 as was dose-dependent forskolin-induced cAMP accumulation (P < 0.0005). The level of phosphorylated CREB (phosphor-serine 333) was reduced with loss of RGS17 from a phospho-CREB to total-CREB ratio of 0.77 to 0.22. Under low Figure 1 . Overexpression of RGS17 in human cancers. A, in four published microarray data sets for lung cancer versus normal control tissue, and one for prostate cancer versus normal control tissue, RGS17 was highly expressed in tumor samples compared with controls. AD, adenocarcinoma; LCNC, large cell neuroendocrine carcinoma; LCC, large cell carcinoma; SCC, squamous cell carcinoma; nN, number of normal samples; nT, number of tumor samples. P values were calculated by two tailed Student's t test. B, qRT-CPR detecting RGS17 transcript accumulation in lung tumors of various pathologies and prostate tumors compared with patient-matched normal control tissue. RGS17 expression is induced in lung and prostate tumors. IB, immunoblot. serum (0.1%), proliferation of H1299 cells with vector alone was induced by forskolin treatment compared with treatment with DMSO solvent as measured by MTT assay, whereas proliferation was not significantly induced in cells with RGS17 knockdown (Fig. 4B) . Furthermore, cAMP accumulation was increased in cells overexpressing 3HA-RGS17 with or without forskolin stimulation (P < 0.005 and P < 0.01, respectively; Fig. 4C ). Levels of cAMP in forskolin-treated cells were increased by overexpression of 3HA-RGS17 to an average of 1.44 pmol/well compared with 0.6 pmol/well in cells with vector alone. Cells overexpressing RGS17 showed a modest increase in phospho-CREB relative to total-CREB from 1.26 to 1.60 p-CREB to t-CREB (p/t) ratio as determined by western analysis. Thus, RGS17 positively regulates cAMP accumulation, CREB phosphorylation, and forskolin-induced proliferation in lung tumor cells.
Treatment with H89 induced growth arrest under 1% serum as measured by MTT assay in H1299 cells with either vector or shRGS-2 (Fig. 5A) . H89 treatment for 6 days did not show general toxicity to H1299 cell monolayers in culture (data not shown). Western blotting showed a loss of CREB phosphorylation in both vector and shRGS-2 containing cells upon treatment with H89 (Fig. 5B,  left) . Phosphorylated CREB levels are similar in vector versus shRGS cells under starvation for 12 hours, presumably due to initial reduction of endogenous phospho-CREB in the vector cells. After 4 days on 1% serum with or without H89 treatment, shRGS-2 cells showed dramatically reduced levels of both total and phosphorylated CREB (Fig. 5B, right) , suggesting that RGS17 may mediate a positive feedback loop to facilitate CREB biosynthesis. RGS17 overexpresion partially restored proliferation in H1299 cells under treatment with H89 as measured by MTT assay (Fig. 5C ). Increased growth rate with RGS17 overexpression is more robust under 1% serum than previously observed under 10% serum. Western analysis shows that although H89 inhibits CREB phosphorylation in these cells, overexpresion of RGS17 partially protects CREB phosphorylation from inhibition by H89 (Fig. 5D) . RGS17 overexpression limited the loss of phospho-CREB relative to total-CREB to 44% compared with 88% without RGS17 overexpression. RGS17 overexpression also increased levels of total CREB in H1299 cells. These results show that RGS17 is required for CREB phosphorylation and proliferation, and PKA activity and subsequent CREB phosphorylation are required for H1299 lung tumor cell proliferation under these conditions.
Discussion
Our observations show that cAMP-dependent PKA activation and CREB phosphorylation are important events in RGS17 induced proliferation in lung tumor cells. This is evidenced by our results demonstrating RGS17 and PKA-dependent CREB phosphorylation, RGS17 regulation of CREB responsive gene expression, and RGS17-dependent forskolin stimulation of growth. There are many CREB-responsive gene products that may be effectors of PKA-CREB activation, including Cyclin D1, RIPK4/PKK (protein kinase C-associated NFnB activator; ref. 11), and KCIP1 (antiapoptotic RGS17 interacting protein kinase C inhibitor), all of which we found to be affected by loss of RGS17. NFnB, which can be activated directly by PKA (12) , may also be involved in the proliferative and survival effects of RGS17 independently of CREB. PKA activity in RGS17-expressing cells is likely to have proliferative and survival effects through one or more of these effectors. Delineation of the roles of these effectors in RGS17-mediated tumor cell proliferation requires further investigation.
CREB has been described as a proto-oncogene having proliferative and survival effects on myeloid progenitors and has been implicated in their transformation in acute myeloid leukemia (13) . Furthermore, PKA and CREB have also been shown to play a role in the tumorigenesis of endocrine tissues, and various molecular aberrations in this pathway have been observed in endocrine tumors (14) . In a recent study, phosphorylated CREB was found to be an early marker for lung adenocarcinoma and the tobacco carcinogen 4-(methylnitrosamino)-I-(3-pyridyl)-1-butanone (NNK) was found to induce phosphorylation of CREB in a time-dependent manner (15) . Tumor-specific immunoreactivity to anti-phospho-CREB was detected in 43 of 47 human lung adenocarcinomas, suggesting that CREB-regulated gene expression is a critical event in lung carcinogenesis In another study, NNK was found to induce CREB phosphorylation in a PKA-dependent manner in human lung adenocarcinoma and small airway epithelial cells (16) . Interestingly, this activation of the PKA-CREB pathway was partially abrogated by inhibition of EGF receptor (EGFR) signaling, suggesting crosstalk between these signaling pathways. EGFR is often overexpressed or mutated in lung cancers and can be transactivated by several G-protein-coupled receptors (17) . Interestingly RGS17 expression has been found to be induced in rat astrocytes upon EGFR stimulation (18) . A very recent study showed that EGFR and PKA pathways are involved in oxidant induced survival of type II alveolar cells (19) . Given the importance of EGFR signaling to lung cancer and the role of PKA in EGFR signaling, enhancement of EGFR signaling by RGS17 through PKA in lung tumors is an attractive hypothesis.
Expression array analysis suggested that the expression of a variety of CNS and receptor-mediated signal transduction genes are coregulated with RGS17 expression. RGS17, being a RGS with expression and function in the brain, would be expected to be associated with genes of such function. Consistent with neurologic function, there is evidence that RGS17 may be involved in dopaminergic signaling. RGS17 and other RZ subfamily RGS proteins reduce D2R-mediated cAMP inhibition (4) , and RGS17 transcript is decreased in dopamine D1 receptor knockout mice (20) . Dopamine receptors are G-protein-coupled receptors that can up-regulate (D1R) or down-regulate (D2R) cAMP signaling (21) . As mentioned in the introduction, RGS17 can also abrogate A-opioid induced cAMP inhibition (8) .
Interestingly, RGS17 knockdown resulted in a significant (P < 0.05) increase in expression of only the FoxO4 and Hnt genes, both of which have tumor suppressive roles. FoxO4 has known tumor suppressive functions through the activation of p27KIP (22, 23) and suppresses HER-2-mediated tumorigenicity (22) . Hnt encodes Neurotrimin and is closely linked to its paralog opioid binding/ cell-adhesion molecule-like, which is frequently lost in ovarian cancer and has tumor-suppressor function. Repression of these tumor suppressors by RGS17, or a combination of this with activation of CREB-responsive genes may lead to, or may be necessary for the proliferation of tumor cells.
The results presented here identify RGS17 as a cAMP-PKA-CREB-activating regulator of lung tumor cell proliferation. Our observation that expression of RGS17 is widely up-regulated in tumors provide further evidence that RGS17 plays a role in tumorigenesis. Interestingly, we also found RGS17 to be consistently up-regulated in prostate tumors, in which a role for G-protein and PKA signaling has been implicated (24) . The profound effect of loss of RGS17 and/or PKA inhibition on tumor cell growth establishes RGS17 and the cAMP-PKA-CREB pathway as potential targets of cancer therapeutics. Robust inhibition of both total and phospho-CREB in RGS17 knockdown cells accompanies a dramatic decrease in the growth rate of tumor cells and may likely be due to feedback autoregulation of CREB expression through CREs within the CREB promoter itself. Increased total CREB in RGS17 overexpressing cells also suggests a positive feedback mechanism of CREB transcriptional regulation, which has been well-documented (25, 26) . Increased cAMP levels and proliferation are induced by overexpression of RGS17 in lung tumor cells. RGS17 overexpression is sufficient to promote proliferation, especially under low serum conditions, and partially rescue proliferation in cells under PKA inhibition. Because H89 inhibition of PKA cannot be expected to be 100% effective, we conclude that overexpresion of RGS17 overcomes inhibition through increased PKA activation rather than bypass through another pathway. Culture of lung tumor cells for 4 days on low serum reveal robust effects of RGS17 expression on proliferation, CREB phosphorylation and total CREB expression, indicating that sustained activation of CREB plays a critical role in RGS17 induced proliferation. These findings lead to a model for RGS17-induced proliferation where cAMP-PKA-CREB signaling is regulated by RGS17 through inhibition of adenylate cyclase inhibiting G(i)-coupled receptors permitting G(s)-coupled receptor signaling. Further investigation of the involvement of RGS17 and the cAMP-PKA-CREB pathway in receptor-mediated tumor phenotypes including those mediated by A-opioid receptors and the recently genetically implicated nAChR family receptors on chromosome 15q will be vital to the better understanding of lung tumorigenesis. It will also be imperative to investigate Figure 4 . RGS17 induces cAMP formation, CREB phosphorylation, and growth stimulation by forskolin. A, cAMP activity in arbitrary units (AU ) and the fold induction of cAMP formation by forskolin is decreased with loss of RGS17. Western blotting shows that CREB phosphorylation is lost with RGS17 knockdown. p/t CREB, ratio of phospho-CREB signal to total CREB signal. B, cells under 1% serum were treated with DMSO or 10 Amol/L forskolin and monitored for proliferation using MTT assay. RGS17 is required for forskolin stimulation of growth in H1299 cells. C, 3HA-RGS17 overexpression in H1299 cells increases cAMP levels and enhances forskolin induction of cAMP formation. Western blotting shows that 3HA-RGS expression modestly increases phospho-CREB levels in relation to total CREB. the roles of specific CREB target genes in RGS17 induced tumor cell growth.
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